Abstract Objective: To review the contemporary knowledge of the pathophysiology of Peyronie's disease (PD).
Introduction
Peyronie's disease (PD) was first reported as induratio penis plastica in 1743 by Francois Gigot de la Peyronie, surgeon to King Louis XV of France. PD, while known by many synonyms, e.g., 'penile fibromatosis' and 'plastic induration of the penis', currently remains a therapeutic dilemma for physicians, even though it was initially described more than 250 years ago.
PD is a localised connective tissue disorder that primarily affects the tunica albuginea (TA) and the areolar space between the TA and erectile tissue [1] . It is characterised by the development of a circumscribed painless, dense, fibrous plaque, resulting in angulation of the erect penis in the direction of the plaque. The damage to selfesteem, reflecting on the patient's personal life, can make it a physically and psychologically debilitating disease. PD is not a rare condition, and reports indicate that up to 1% of men are affected. Most cases reported have been in white men, usually during the fifth and sixth decades of life, but there are reports of PD as early as the teenage years and into the ninth decade [2] [3] [4] .
In a more recent investigation, El-Sakka [5] showed that PD is more prevalent than previously thought. The prevalence of PD was up to 8% in patients with erectile dysfunction (ED) who were screened for PD. Furthermore, there were significant associations between the risk factors for ED and PD, and with significant associations reported between PD and age, obesity, smoking, duration and number of cigarettes smoked per day. Dyslipidaemia, psychological disorders and the presence of at least one risk factor were significantly associated with PD. There were significant associations between a longer duration and poor metabolic control of diabetes and PD [6] .
The effect of type 2 diabetes mellitus (DM) and PD, both alone and together, on the vascular status of erection in patients with ED was also assessed [7] . The mean scores of the erectile function (EF) domain of the International Index of Erectile Function (questions 3 and 4) were significantly lower in patients with both DM and PD than in those with either alone. Those with only DM had significantly lower mean scores for the EF domain than had patients with only PD. The mean peak systolic velocity and resistive index were significantly lower, and the mean end-diastolic velocity was significantly higher in patients with both DM and PD than in those with either condition alone. The authors concluded that type 2 DM and PD, both alone and together, compromised the vascular status of erection. Type 2 DM had the principal effect, but PD augmented the effect on erection and the variables assessed by Doppler ultrasonography.
On the natural history and prognosis of PD, Gelbard et al. [8] reported that there was some resolution of PD in 13% of patients, with 47% showing no change and gradual progression in 40%. The prognosis is particularly good when the patient is young and has a soft plaque (of <2 cm), and when the duration of symptoms is brief. Penile deformity usually persists in patients who present with a substantial early penile angulation (>45°). Moreover, the prognosis is poor when calcification develops within the plaque.
Pathogenesis and pathology
The anatomically-based hypothesis of PD The arrangement of the vessels traversing the TA is unique. The arteries are cushioned by a cuff of loose areolar tissue, while the veins directly contact the fibrous tunica. If the fibres of the tunica are disrupted by a blunt trauma with extravasation, then the oedema and cell infiltration impinge on the adjacent venous channels and form a 'trapped' inflammatory response. The production of intercellular matrix and collagen fibres is then stimulated by secretions from leukocytes and macrophages, and the release of cytokines. Because the inflammation is constrained the cytokines cannot disperse and degrade, and they stimulate the production of more cytokines, which sequentially produce more matrix and collagen. PD can thus be considered as an aberrant wound-healing process in response to an inflammation constrained within the many layers of the TA [9] .
The abnormalities associated with PD are attributable to the unique anatomy of the TA. The dense layers restrict the inflammation, venous outflow channels are compressed by oedema and cell infiltration, whilst the influx of leukocytes and macrophages continues because the arterial flow is not impeded. The end result is an excessive production of collagen fibres ascribed to a prolonged inflammatory response, with degradation of the delicate network of collagen and elastic fibres. Early in the process the inflammation and oedema can irritate the nerve endings, producing pain with or with no erection. The pain might abate when the inflammatory reaction matures or the trapped nerve fibres die. In the chronic phase, when the fibrosis begins to affect the erectile tissue, ED will be inevitable. These changes can contribute to the clinical presentation of PD, with an early phase comprising a triad of pain, plaque and penile deformity, and a late triad of plaque, penile deformity and ED [9] .
The abnormal fibrotic reaction
The initiation of the disease is accepted as the extravasation of fibrinogen, converted to fibrin with the aid of thrombin, in the intralaminar space in the TA before the inflammation and fibrosis of both the plaque and normal-looking TA [10] . While fibrin deposition is augmented by growth factors (GFs), e.g., fibroblast GF (FGF) and vascular endothelial GF, and the lack of fibrinolytic enzymes and vascular structure in the TA, the protein itself is a strong chemoattractant promoting the ingrowth of inflammatory cells (macrophages, neutrophils and mast cells), cytokines (TGF-b 1, etc.) and fibroblasts [11, 12] .
Fibroblasts proliferate and are attracted to the trauma site as a result of mediators such as platelet-derived GF, TNF-a, FGF and interleukin-1, the last two also induce collagen synthesis [13] . While interleukin-1 and TNF-a originate from monocytes and macrophages, respectively, there are high levels of FGF expression from the myofibroblasts in the plaque formations [14] . Myofibroblasts are mesenchymal cells combining contractile smooth muscle cells with collagen-synthesising fibroblasts [11] .
Devine and Horton [15] hypothesised that PD is caused by an abnormal fibrotic reaction to minimal trauma. The TA is a laminated structure with two distinct layers, the outer longitudinal and the inner circular layer that fuse to form a median septum. Bending of the partially rigid penis can result in de-lamination of the TA in the area of stress, and cause microvascular trauma. In a partly rigid penis destabilisation of the axial erectile rigidity mechanism acts as a potential risk for buckling injury [16] [17] [18] .
Such trauma causes de-lamination of the septal fibres, with bleeding into the intralaminal spaces. These early lesions are associated with a largely perivascular lymphatic and plasmacytic inflammatory cellular infiltrate in the areolar connective tissue sleeve below the TA [1] .
In another experimental study, El-Sakka et al. [19] assessed whether a clean incisional trauma to the TA could produce PD-like condition. Such surgical trauma to the TA induced histological changes similar to those in the acute phase of PD, but not the overt pattern of the chronic phase of PD. It also caused an early but transient up-regulation of TGF-b1 protein expression in the rat penis. The authors concluded that surgical incisional trauma does not result in PD-like changes in the TA. These findings support the notion that entrapment of inflammatory cells and the deposition of extracellular matrix in the multi-layered structure of the TA is the key factor in inducing PD [20] .
Electron microscopy, both transmission and scanning, showed that in normal TA the elastic fibres form an irregular lattice on which the collagen fibrils lie. These ultrastructural findings showed that the multilayered form of the TA seems to be distinct and can slide over the adjacent layers. In normal TA there is flexibility, but in PD plaques the collagen fibres are more closely packed and this ultimately causes tethering, and hence curvature of the penis towards the plaque [21, 22] .
Oxidative damage, autoimmunity, genetic and other unsettled theories
There is reportedly an increase in oxidative stress in fibrogenesis, and an increase in connective tissue disorders in chronic disease states of hepatic, pulmonary and nervous system tissue degeneration [23] . Free radicals such as superoxide, peroxynitrite and peroxide-generated species can result in lipid peroxidation and tissue damage, as well as stimulate connective tissue synthesis in fibroblasts and increased activity in the inflammatory process [22] .
Vande Berg et al. [24] suggested that PD is an autoimmune response to vascular trauma. Several studies have also shown features of autoimmunity, in particular the cell-mediated response [25] . Stewart et al. [26] showed that antibodies to elastin are present in all patients with PD, and that there were increased serum levels of antitropoelastin (reflecting elastin synthesis) and anti-a-elastin (reflecting elastin destruction). Van de Water [12] noted that the two general mechanisms contributing to the generation of the wound extracellular matrix are the leakage of plasma proteins, such as plasma fibronectin and fibrinogen, and the synthesis of variants of fibronectin by wound cells. Although a familial tendency towards PD has been proposed, there are conflicting results on the association of HLA-B27 or HLA-B7 with the disease [27] .
Gonzalez-Cadavid et al. recently reported that the levels of expression of TGF b 1 and pro-and anti-fibrotic gene products, and the ratio of nitric oxide to reactive oxygen species (ROS) in the TA, are apparently necessary for the formation and progression of the PD plaque, and affect the expression of several genes. Further assessment is possible with DNA-based chip arrays, and the results from the PD plaque are encouraging. The genes OSF-1 (osteoblast recruitment), MCP-1 (macrophage recruitment), and procollagenase IV (collagenase degradation), with other fibrotic genes, were identified as being possible candidate regulatory genes for PD [28] .
Molecular mechanisms: cytokines and growth factors
Important factors in the pathogenesis of PD include the regulation of collagen synthesis by many endogenous and exogenous factors, particularly those that produce oxygen-free radicals, e.g., ascorbic acid, and other biologically active peptides like epidermal GF and insulinlike GF. TGF-b has recently received attention as a cytokine influencing the deposition of extracellular matrix, and inducing fibrosis in the TA [22, 29, 30] . TGF-b is also implicated as a cause of chronic fibrotic conditions, and is involved in many vital processes, including inflammation, stimulating the formation of intracellular matrix, fibroblast production, and normal healing [31] .
Whilst increasing evidence suggests that TGF-b is a cytokine, vital for tissue repair, its overactivity might be responsible for the tissue damage caused by scarring in many serious diseases. The pathological sequelae of the actions of TGF-b have been referred to as the 'dark side' of tissue repair [32] . In the future, inhibitors of TGF-b could be significant as drugs for controlling these conditions [33] .
In a study assessing the pathogenesis of PD [34] the authors showed that the high frequency of microsatellite alterations, and loss of heterozygosity, were associated with PD, suggesting their role in the pathogenesis of this disease.
El-Sakka et al. [30] confirmed the actions of TGF-b in the pathogenesis of PD using an animal model in which the progression of PD could be followed. This rat model produced cellular and molecular changes similar to those found in PD, which were invoked using an injection of cytomodulin, a synthetic haptapeptide with TGF-b like activity, into the TS of the rat penis. At 6 weeks after this injection 15 of 18 rats had tunical thickening and plaque formation, and increased expression of TGF-b1 mRNA and protein. There was no significant TGF-b 2 or TGF-b 3 protein expression.
The same group [35] also investigated the effect of colchicine on the histological and molecular changes in this rat model. The administration of colchicine soon after inducing the PD-like condition inhibited the expression of TGF-b and could prevent the development of fibrosis of the TA.
Furthermore, a study using this rat model [36] showed the activation of nuclear factor kappa b, a regulator of the expression of several genes, and that encodes for adhesion molecules, after an injection with TGF-b and injury to the rat penis. Isoforms of nitric oxide synthase (NOS), particularly the inducible form (iNOS), modulated the onset and progression of fibroblast production or wound healing. Inhibiting iNOS resulted in the greater deposition of collagen around the lesions induced by TGF-B1, suggesting that iNOS suppresses collagen production in PD [37, 38] .
'Tight skin' (Tsk) mice were used in a genetic animal model of PD, wherein fibrous plaque, penile curvature, chondroid metaplasia and ossification are apparent when there is up-regulation of TGF-b and iNOS genes mediated by hypoxic-inducible factor 1. The mutated Fibrilin 1 gene is the key factor in this Tsk rat model, through the extracellular incorporation of microfibrilassociated glycoprotein 2 and type I collagen, while iNOS is thought to be a counter-protective mechanism. The limitations of this model are that the disease is not progressive after 12 months, and that the fibrosis is systemic, affecting other organs and the corpus cavernosa, in addition to the TA [39] .
Francisco et al. [40] proposed a new animal model for PD, in which a combination of TGF-b and tetradecyl sulphate is injected into the subtunica of mice. A palpable penile plaque and penile curvature, as well as a functional decrease in cavernosal pressures lasting for P9 weeks, were stated as the superior features of this model. A group of mice given a combined therapy had a better response than a group treated with only TGF-b 1, and this suggested an interesting area of work for the future medical treatment of PD.
The overexpression of myostatin, a member of TGFb family, has been found in PD plaques, and it induced new plaque when induced, and condensed the plaque already formed by TGF-b 1 [41] . Other pro-fibrotic factors, such as plasminogen activation inhibitor-2 and ROS, as well as TGF-b 1, are released during the acute inflammation subsequent to trauma, and can be aggravated after transition to the chronic phase. A dense fibrotic plaque is apparent that can be accompanied by calcification and ossification of the plaque, as well as the presence of osteoblasts [42, 43] .
A proposed defence mechanism against the pro-fibrotic factors is iNOS, as it leads to NO release. The fibrin clot in the TA attracts monocyte chemotactic protein 1, which itself probably induces iNOS. This proposal is supported by the reverse correlation of pro-fibrotic factor levels and iNOS activity, regulated by gene transfer and L-N-(1-iminoethyl)-lysine acetate inhibition in animal experiments [43] . It was also claimed that NO reduces ROS activity, leads to apoptosis in myofibroblasts, and inhibits collagen synthesis (together with its product cGMP) [44] . There was a reduction in plaque size, oxidative stress and alpha-smooth muscle actin staining (a sign of myofibroblasts) in PD fibroblast cultures after administering a phosphodiesterase-5 inhibitor [45] .
The inhibition and lack of collagenases contribute to the PD process, while iNOS, matrix metalloproteinases (MMP)-2 and -9, decorin (which binds TGF-b 1) and thymosins are the active defence mechanisms against the disease. The positive effect of decorin on the maximum cavernous pressure and the collagen organisation of the fibrotic penis was shown in a rat model, and this suggests a new therapy for the disease [46] . Furthermore, MMP-1, -8 and -13, which are inhibited by TGF b 1-induced tissue inhibitors of MMPs in PD, are able to renovate the normally lysis-resistant collagen I and III fibres [47] . The overexpression of TNF-related apoptosis-inducing ligand and its death receptor-5 was recently reported to occur in PD plaque when compared to normal TA, indicating the role of an external apoptotic pathway in plaque formation [48] .
The persistence of myofibroblasts which are removed by apoptosis was investigated in a recent study in which the expressions of apoptotic genes were investigated (Fas, Fas Ligand, Bcl-2, p53, caspase 3 and 8). In that study there was a relative increase in apoptotic FAS ligands, with no parallel improvement in the FAS receptors. In only 10 of 40 apoptotic genes (anti-apoptotic Bcl-2 genes) was an increase of more than 1.5-fold detected in PD plaques when compared with TA, while the expression of 13 genes was more than 1.5 times higher in normal TA. However, statistically insignificant results in PD plaques and control TA suggested that the plaque is not a localised disease of the TA, but rather it develops from the vulnerable regions of TA exposed to deleterious factor(s), with trauma being the prominent one [49] .
In relation to the therapeutic benefits of understanding the pathophysiological mechanisms of PD, Jang et al. [50] reported that the overexpression of TGF-b and activation of Smad transcriptional factors are known to be crucial in the pathogenesis of PD. Thus inhibiting the TGF-b signalling pathway using ALK5 inhibitors might be a promising therapeutic strategy for treating PD. Both elastin and collagen are up-regulated by TGF-b 1 in TA-derived fibroblasts, and this probably contributes to the PD phenotype. Pretreatment with pentoxifylline attenuates both collagen fibre deposition and elastogenesis in TA-derived fibroblasts exposed to TGF-b 1 [51] , and these effects suggest a useful role for pentoxifylline in the management of PD. Furthermore, the expression of elastin mRNA and protein is up-regulated in TA-derived fibroblasts by TGF-b 1. Pentoxifylline had no effect on elastin production, but attenuates elastogenesis in TA-derived fibroblasts through an Alpha-1 antitrypin-related mechanism [52] .
Conclusions
PD is one of the most puzzling diseases in urology. The pathogenesis remains uncertain, and there are still controversies about the proper management of the condition. The pathogenesis of PD has been explored in animal models, cell cultures and clinical trials, but this has raised more questions. New research on the causes and pathogenesis is urgently needed and which hopefully will improve the management of patients with this frustrating disease.
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